Abstract: Magnetic resonance imaging (MRI) has been used to image the in utero fetus for the past 3 decades. Although not as commonplace as other patient-oriented MRI, it is a growing field and demonstrating a role in the clinical care of the fetus. Indeed, the body of literature involving fetal MRI exceeds 3000 published articles. Indeed, there is interest in accessing even the healthy fetus with MRI to further understand the development of humans during the fetal stage. On the horizon is fetal imaging using 3.0-T clinical systems. Although a clear path is not necessarily determined, experiments, theoretical calculations, advances in pulse sequence design, new hardware, and experience from imaging at 1.5 T help define the path.
unfortunately, this effort is heavily laden with extreme technical challenges, some of which will be exaggerated in the shift to a higher MR field strength.
Imaging of the human body from postnatal to adult has its own list of constraints, what obviously complicates matters for fetal imaging is that it must be done in utero. Thus, imaging is severely limited by the complications of doing abdominal imaging and dealing with structures that can undergo motion that cannot be controlled without the administration of sedatives. 3 In addition, there is the critical need to guarantee the safety of the fetus and mother by preventing absorption of too much radiofrequency (RF) energy. That is, when one images the fetus, special consideration must be paid to the issue of specific absorption rate (SAR). Yet, even within the difficult arena set by such constraints, there have been recent advances and demonstrations of proof of principle of fetal imaging at 3.0 T. 4 
Others
4Y13 have written on the topic of fetal imaging in general, and thus, to be parsimonious, this article will concentrate on recent developments in a handful of areas of MR research and the potential for application for fetal imaging.
HISTORICAL PERSPECTIVE
To put the eminent emergence of fetal imaging at 3.0 T into perspective, we can examine the recent history of medical and scientific literature with respect to MRI in humans at relative field strengths. A literature search was performed in pubmed.org, searching for terms related to ''magnetic resonance imaging'' with respect to humans (ie, not animals) in 2 leading radiology journals (Radiology and American Journal of Neuroradiology) as well as the 2 leading journals reporting neuroimaging-based neuroscience (NeuroImage and Human Brain Mapping). This results in a total of 16,694 abstracts. In addition, only those abstracts that reported a field strength of either 1.5 T or 3.0 T were included. The search resulted in a total of 1476 publication records (È91% of published articles do not report field strength in abstracts).
The total growth of MRI-related publications regardless of journal of origin has grown steadily at approximately 1% per year from 1985 until about 2000 when more 3.0-T systems started to turn on. In addition, with the advent of activation studies based on blood oxygen level dependence (BOLD), there has been a dramatic increase in publications (Fig. 1) . Further examining this growth, we see that although neuroscience studies are mainly based on 3.0-T systems, both neuroscience and medical publications have seen a growth of approximately 9% to 10% per year since 2000 (Fig. 2) .
Fetal imaging has been occurring since the early days of MRI. 2 However, it appears that this has happened more conservatively in the United States/North America, with a steady linear trend of approximately 3.5% per year. On the other hand, interest in fetal imaging is growing quadratically in Europe/ elsewhere (Fig. 3.) , with a little more than 200 publications on fetal imaging in 2011 alone. In 2005, General Electric announced the installation of its 250th Signa 3.0T system. The installation rate of 3.0-T systems has grown such that Siemens installed roughly 300 3.0-T systems (Dr Keith Heberlein, Siemens Medical Solutions, personal communication) in 2011.
which, at room temperature (T), and relatively low magnetic field strength such that the exponential factor is small, the formula can be expanded to the first 2 terms:
PðB 0 Þ;1j$E=kT where the energy difference of the magnetic states is directly proportional to B 0 , that is, $E B 0 , and thus, the polarization at 3.0 T is twice that at 1.5 T:
Pð3:0T Þ,2qPð1:5T Þ As field strength increases, the tissue longitudinal relaxation time T 1 varies. It has been observed at low magnetic fields that T 1 for both gray matter (GM) and white matter (WM) is an exponential function varying with magnetic field B 0 , namely, T 1 ðB 0 Þ ¼ AqB B 0 , where A and B are derived from data. However, this functional form was derived for main field strengths less than 2.5 T, with most of the measurements at quite low fields. By taking recent T 1 measurements from various laboratories around the world, a linear fit can be achieved for the range of 1.5 T to 8.0 T. For the adult brain, we can expect an approximate 18% lengthening of GM T 1 and an approximate 31% lengthening of WM T 1 . Furthermore, relaxation rates vary in the fetal brain compared with the adult brain because of a high water content and a lower cell density. 15 Almajeed et al 16 estimated that at 1.5 T, WM longitudinal relaxation time T 1 is approximately 1600 milliseconds. Although not explicitly measured in utero, Williams et al 17 made relaxation rate measurements of in vivo brain tissue from a cohort of preterm infants (a surrogate for fetal brain) at 3.0 T. The range of in vivo neonate measurements by Williams et al 17 at 3.0 T thus appears consistent with the smaller value of in utero T 1 estimated by Almajeed et al 16 at 1.5 T, assuming a similar lengthening trend as seen in adults (Fig. 4) . In principle, T 1 changes will directly manifest in changing contrast between tissue types when going from 1.5 T to 3.0 T, unless of course a change in repetition time (TR) is implemented. However, with the implied overlap of T GM 1 and T WM 1 for in utero brain tissue, a loss of GM/WM contrast can be expected in the fetal brain. Indeed, most investigators will find themselves examining cortical structures with T 2 -weighted imaging given that T 2 is relatively field strength independent. 17 
WHY 3.0 T?
The heading of this section is an obvious question with a not-so-simple answer. Indeed, human imaging (and spectroscopy) has been advanced with the emergence of 3.0-T scanners. Around the world, 3.0-T scanners are becoming less of the exception in clinical environments (see Fig. 2 on increased 3.0-T publications). However, a benefit-risk assessment has to be done for fetal imaging. In terms of advantage, there is the marked increase in SNR, which gives rise to a myriad of benefits, namely, the possibility for faster scanning, higher spatial resolution, improved BOLD signal, but also accompanying a move from 1.5 T to 3.0 T are technical challenges, namely, susceptibility artifacts, changes in longitudinal relaxations times, RF (also referred to as B 1 at times, which is the strength of the field produced by the transmitted RF energy for manipulation of the water proton spins, it produces the tilting of the spins) penetration issues, and RF deposition. As with any imaging protocol determination, a balance has to be struck based on the constraints determined by the physics and medical/scientific need of the situation.
Where we can see benefit at 3.0 T is the increased SNR for use in MR spectroscopy (MRS), the improvement in contrast-tonoise ratio (CNR) in blood oxygen level dependence for both activation and resting state scans and the overall improvement in SNR for higher resolution anatomic imaging (including diffusion tensor imaging [DTI] ). Just as at 1.5 T, fetal movement is a major consideration and incremental increase in SNR can also be used for faster scan sequences (within the limits of SAR). In addition, as outlined below, for BOLD imaging, in addition to the increased SNR, there is the added benefit of maximal BOLD sensitivity at a shorter echo time expected caused by the shortening of the relaxation time T * 2 . All in all, the technical challenges for fetal imaging at 3.0 T are not unlike the challenges when other human imaging moved from 1.5 T to 3.0 T. The problems presented in that move were deconstructed and solved.
18Y32 This is anticipated to similarly occur with fetal imaging. Indeed, as briefly described below, advances have already been made that will be directly applicable to fetal imaging at 3.0 T.
FETAL SAFETY AND SAR
At the heart of fetal MRI is careful consideration of safety of the methodology to the developing fetus. This key issue is likely to dictate how MR is used to expand scientific and medical understanding of the fetal period. Because of the centrality of this topic to the current discussion, it is important to articulate exactly what is meant when we talk about ''safety.'' When we consider risks, what kinds of impacts are we concerned with specifically?
How well do we understand the risks, and can the risk be accurately quantified?
When we talk about safety in fetal MRI, or any MRI for that matter, the main concern is energy deposition and the associated rise in temperature. Much literature has been published on the topic of energy deposition in the pregnant woman and fetus during MRI. The SAR is a measure of the heating caused by RF energy deposition in the body. For typical imaging ''Current FDA guidance limits SAR whole-body exposure to 4.0 W/kg for patients with normal thermoregulatory function and 1.5 W/kg for all patients, regardless of their condition. ''
The official position of the American College of Radiology 34 states: ''Present data have not conclusively documented any deleterious effects of MRI exposure on the developing fetus. Therefore, no special consideration is recommended for the first versus any other trimester in pregnancy. '' And goes on to further declare: ''Pregnant patients can be accepted to undergo MR scans at any stage of pregnancy if, in the determination of a level 2 MR personnel-designated attending radiologist, the riskbenefit ratio to the patient warrants that the study be performed. The radiologist should confer with the referring physician and document the following in the radiology report or the patient's medical record:''
The information requested from the MR study cannot be acquired via nonionizing means (eg, ultrasonography). The data are needed to potentially affect the care of the patient or fetus during the pregnancy. The referring physician does not feel that it is prudent to wait until the patient is no longer pregnant to obtain these data.
The Fetal Magnetic Resonance Study Group of the Italian Society of Medical Radiology recommends 35 FIGURE 5. Acquired MRS at 3.0 T in a male fetus, 31-week and 0/7 days gestational age. Total acquisition time 2 minutes 8 seconds. Data from Wayne State University. ''The use of magnetic fields with intensity higher than 1.5 T is currently not considered a routine approach, as this still needs to be validated by specific research protocols. '' With respect to pregnancy, the British National Health Service (http://www.nhs.uk/Conditions/MRI-scan/Pages/Whocan-use-it.aspx) states:
''Although there is no evidence that MRI scans pose a risk during pregnancy, as a precaution, scanning is not usually recommended during the first 3 months of pregnancy. ''
What is obviously paramount is that assessment of heat generated in the pregnant woman and/or the fetus induced by RF energy deposition needs to be made to ensure the safety of the woman and the fetus. Although is it clear that MRI and MRS do not use ionizing radiation, it is possible to deposit enough RF energy that results in local tissue heating. As previously discussed, the energy for given MR pulse sequences can be estimated by the calculation of the SAR.
Direct measures of localized heating are difficult, and MR thermography is only accurate to T2.0-C. 36 An experiment designed to measure localized heating and temperature changes was carried out in 2001 using a piglet model 36 by scanning pregnant pigs. The imaging protocol was carried out using a half-Fourieracquisition-single-shot-turbo-spin-echo (HASTE). Fiber-optic temperature probes were positioned into the pig fetal brain, abdomen, and amniotic fluid. They performed their regular human fetal imaging protocol, but at a rate 3 to 5 times faster (15 minutes for human fetus, whereas 3Y5 minutes for pig fetus). Using the direct measures of localized heating, temperature measurements during scanning did not fluctuate beyond that measured before or after scanning. The conclusion of this direct measure experiment was that, at 1.5 T, the HASTE protocol used did not deposit a significant amount of energy in the pregnant pig as to cause any detectable temperature rise, and thus, scanning within FDA guidelines is sufficient protection.
Perhaps more germane to conclusions we can draw about human fetal MR, by implementing a realistic physical model of a pregnant woman, Hand et al 37 calculated spatial distributions of SAR. The approach used was to examine a realistic model of a body coil and under the conditions of a continuous transverse B 1 field of 1 KT, then estimate SAR with a finite element model. These calculations were used to predict SAR averaged over 40 specify that women with thermoregulation issues should only be scanned with care and, unless clinically urgent, women who are febrile should not be scanned.
Hand et al 41 further refined their calculation in 2010 by also incorporating a thermal model of heat conduction. Their findings were that, under the condition of SAR Body less than or equal to 2 W/kg, fetal whole-body SAR was limited to 1.24 W/kg and 1.14 W/kg at 1.5 T and 3.0 T, respectively, and that average fetal temperature remained below 38-C, although it was recommended to not have continuous exposure to RF for more than 7.5 minutes. Also in 2010, Kikuchi et al 42 used a model of RF illumination and a thermal model of both a pregnant woman and a woman that was not pregnant. Although only calculated at a lower main field of B 0 = 1.5 T (64 MHz), they concluded that the safety of the fetus was overestimated and recommend a exposure time limit of 40 minutes when SAR Body = 2.0 W/kg and 10 minutes at SAR Body = 4.0 W/kg. Also, they do recommend a more complete modeling of the thermal properties of amniotic fluid.
What has yet to be established though is the heat loading of the pregnant woman and fetus under the conditions of a multitransmit system. Although limited to anatomic models that did not include a pregnant woman, it was determined that in worst-case scenarios with multitransmit systems, there can be widely spatially variant local SAR at 3.0 T, which can also depend on positioning of the patient. Caution should be had with imaging pregnant women with such systems. 43 In addition, they recommended that any guidelines developed include attention to local SAR calculation and not only SAR Body . Indeed, recently, the feasibility of individualized SAR models 30 at 3.0 T was reported.
Considering the relationship between SAR and field strength, fetal imaging protocols using 3.0 T necessarily make adjustments to acquisition parameters that will lessen SAR, but these sometimes come at the cost of reduced SNR. A recent MR protocol enacted at Wayne State University, in partnership with the Perinatology Research Branch of National Institute of Child Health and Human Development/National Institutes of Health/Department of Health and Human Services, has examined these trade-offs in search of the optimal balance. A summary of SNR and SAR at 1.5 T and 3.0 T measured in 8 women scanned at either field is presented in Table 1 . This preliminary report suggests that, for fetal imaging, one can move from imaging at 1.5 to 3 T and keep SAR levels rather steady while gaining in SNR for most measures.
MAGNETIC RESONANCE SPECTROSCOPY
Magnetic resonance spectroscopy can directly benefit from an increased signal caused by a high polarization at 3.0 T, as well as a higher spectral resolution. However, an obvious issue is fetal motion. 4 Indirect sedation of the fetus is a solution, 3 although not necessarily desirable. Typical MRS acquisitions can last on Data in red calculated by shifting ranges in gray by measured difference from 1.5 T to 3.0 T.
the order of minutes, and if there is large fetal motion, obtained spectra can become useless, 44 and even with smaller amplitude movements, spectra can be broadened and metabolite resolution may be lost. Many others have reviewed the use of acquiring MRS in the fetus since first investigating lung maturity 45 to more recent assessments of restricted fetal brain growth by the detection of lactate. 46, 47 Thus, this article will focus on recent developments to improve the quality of MRS data and the feasibility at 3.0 T.
Here we provide preliminary data from a representative MRS scan in a 31-week gestational age fetus. Acquired at Wayne State University, the spectrum shown in Figure 5 , along with a depiction of the MRS voxel of interest, reveals characteristic peaks but also variation that is somewhat challenging to interpret. Compared with typical adult spectra, the lines have the appearance of broadening. This can be caused by an unoptimized shim, size of MRS voxel, or motion. As shown in the section on BOLD below in Figure 11 , fetal motion during a 2-minute run can be quite extensive, resulting in the tissue of interest moving outside of the MRS voxel, resulting in a degradation of the MRS shim, or contamination, such as by lipids.
Ideally, the solution would be to be able to track the tissue of interest and either reject shot-to-shot spectra before averaging or do prospective motion correction on the MRS voxel of interest. During the past few years, there has indeed been interest and developments of such techniques. Earlier methods examined motion to discard corrupted acquisitions caused by motion. 48 However, such a technique does not mitigate the necessity to repeat the MRS exam, or at least take sufficient spectra as to have a satisfactory SNR after editing. Keating et al 49 demonstrated in 2010 that prospective motion correct can be used by the use of navigators to update the location of the MRS voxel, that is, to have it move in such a manner as to track the tissue of interest. In Figure 6 , we show data from their laboratory (Dr Thomas Ernst and Dr Brian Keating, The University of Hawaii Neuroscience and MRI Research Program) for a typical experiment in which a participant has been trained to execute a prescribed motion of his or her head in the scanner while spectra are being acquired. In comparison with the movement plot shown in Figure 11 in the next section covering BOLD, the extent of motion is comparable between the test (adult) participant and the fetal movement. In Figure 7 , the spectra without motion correction and with motion correction from the prescribed movement experiment from Keating are shown. The data were analyzed in LCModel 6.1 (http://s-provencher.com/pages/lcmodel.shtml), and summary metrics report a full-width-half-maximum (FWHM) line width of 0.033 ppm for the uncorrected data and 0.029 ppm for the corrected data and an improvement of SNR from 25 to 27.
An obvious caveat of course is that further line narrowing could be achieved with an update of the B 0 shim. In 2011, Keating and Ernst 50 implemented a method to update the B 0 shim caused by motion during an MRS acquisition. Executing a similar experiment to demonstrate the improved MRS line width, adult participants executed a prescribed head movement while MRS images were acquired without and with dynamic shim correction. To see the factored improvement caused by only the shim correction, motion correction for voxel position updating was done during both conditions. Here again data from their laboratory are shown in Figures 8 (movement parameters) and 9 (spectra without and with dynamic B 0 shim updating). As can be clearly seen, the adult participant executed a drastic pitch of the head as well as a marked translation. These movement velocities and amplitudes are typically seen in the fetus (again refer to Figure 11 in the BOLD section). With both prospective motion correction for updating the location of the MRS voxel and with dynamic B 0 shim, quality spectra can be obtained without the need to remove bad shot-to-shot spectra. When examining the effect of dynamic shim alone, in the above instance of the method, the full-width-half-maximum improved from 0.076 ppm to 0.048 ppm and the SNR improved from 22 to 25. With methods such as these and those being developed at other laboratories around the world 49Y53 to mitigate tissue motion and changes in B 0 shim caused by motion, MRS should become less of a burden and more reliable in the fetus and thus because of the increased SNR from the high polarization becomes more beneficial at 3.0 T compared with 1.5 T.
BLOOD OXYGEN LEVEL DEPENDENCE
Within a decade of the discovery of BOLD 54 in 1990 and the first demonstration of detecting brain activity with BOLD, 55 the first fetal functional MRI (fMRI) experiment was conducted. 56 Ostensibly, the auditory cortex was activated by playing nursery rhymes. This very first fetal fMRI was performed at a magnetic field strength of 0.5 T. A direct benefit of undertaking activation fMRI and/or resting-state functional connectivity MRI 57Y60 at 3.0 T compared with 1.5 T is the improved SNR. However, what needs to be mitigated of course is the higher level of susceptibility artifact. All materials and mediums (ie, tissue) have an intrinsic property known as magnetic susceptibility W or the tendency of the medium to be magnetized by the application of an external magnetic field. 61 The susceptibility of soft tissue (cortex) is on order of W Tissue = j9.05 ppm, whereas cortical bone has W Bone = j8.86 ppm. 62 At boundaries between tissue and bone, there will be a gradient between the effective fields, resulting in a gradient of the local resonance frequency of the water protons. Although the susceptibilities are quite close, the difference yet can yield drastic image artifacts, especially when echo time (TE) is increased and being more manifest at 3.0 T compared with 1.5 T. Most susceptibility artifacts in BOLD images are caused by an air/tissue and/or an air/ bone boundary (W Air = 0.36 ppm), which of course is not present in the fetus.
Krüger et al 63 has shown that an expected increase in BOLD CNR by a factor of 2.0 to 3.4 can be expected when imaging adult brains between 1.5 T and 3.0 T. An unknown factor is the value of T * 2 and $R * 2 in the fetus. However, in an experiment examining hypoxia in fetal sheep at 1.5 T and 3.0T, Wedegartner et al 64 demonstrated twice the sensitivity of $R * 2 for varying oxygen saturation at 3.0 T compared with 1.5 T. Typical echo times for adult brain at 3.0 T is 30 milliseconds, 63 and the CNR is an exponential function of the relaxation rate R * 2 qðR * 2 j1=T * 2 Þ: CNRe jTEqR * 2 . It has been shown that besides R * 2 potentially varying by cortical area, R * 2 also roughly increases linearly by up to approximately 12% from age 8 years until middle age (È50 y). 65 Such a decrease in R * 2 in fetus compared with adult brain would then imply that a longer echo time is needed to maximize CNR in the fetus. Rivkin et al 67 measured T * 2 in preterm newborns at 1.5 T. We can use these data in conjunction with the measured shortening of T * 2 as observed by Krüger et al 63 to arrive at an estimated range of 115 milliseconds to 135 milliseconds at 3.0 T for fetal brain T * 2 in the middle third trimester (Fig. 10 ). However, this should be empirically verified.
Finally, it is typical to choose a magnetization flip angle to optimize the signal intensity (Ernst angle), 61 however, it was recently shown by Gonzalez-Castillo et al 67 that in a real-world situation where physiological noise dominates system/thermal noise and SNR is high, a much smaller flip angle can be chosen while still realizing a high BOLD CNR. Indeed, they showed that although the Ernst condition may result in a calculated flip angle of 77 degrees, their real-world calculation leads to a flip angle just shy of 8 degrees. Given that RF energy absorbed per unit time is given by
where B 1 is the applied RF field to generate the specified flip angle and that B 1 ò$5, with $5 being the flip angle, then if the time that the RF field that is applied is held constant, the power at flip angle $5 1 can be related to that at $5 2 , with the relationship
Thus, by theoretically going from a flip angle of 77 degrees to 8 degrees, the average RF power caused by slice excitation should drop by a factor of at least 90, and thus a reduced SAR can be realized.
Where this can have a direct application with time-series data is shortening of the TR to get a better assessment of fetal movement. Shown in Figure 11 is the fetal head movement from 2 different gradient-echo echo-planar-image runs with a TR = 2000 milliseconds at 3.0 T from M. Thomason at Wayne State University. The fetal motion in the left plot shows a quite reasonable and acceptable fetal movement requiring little correction, whereas that on the right depicts a more active fetus, executing a large roll and yaw of its head about two thirds of the way through the time-series data. Figures 8 and 12 further demonstrate the severity of fetal movement. In just viewing a few axial slices of the fetal brain ( Fig. 12 and plotted in Fig. 13 ), it can be seen that the fetus executes a yaw maneuver in a short time and indeed returning relatively close to the original position during the course of just a few TRs. Typically, such wild movement would be cause to reject a data set such as this in the context of an adult healthy volunteer in a typical neuroscience experiment.
Head velocities of up to 10 mm per second and 10 degrees per second are not unexpected when imaging the fetal brain. The issue then is that the brain does not, in a sense, move as a rigid body as the acquired planes are not necessarily sampling parallel planes of tissue. An advantage of using a smaller flip angle while still achieving the same CNR is the potential of faster scanning and thus capturing any fetal motion on a finer scale, resulting in a lesser degree of image registration error, although there have been some advances in addressing the interaction of fetal movement and tissue sampling. 68 
DIFFUSION TENSOR IMAGING
Diffusion tensor imaging 69, 70 has been helpful in the understanding of the structure of the fetal brain. 71, 72 Certainly, the increased SNR at 3.0 T compared with 1.5 T can be used to improve imaging times to help mitigate the issue of fetal movement during data collection, although offline methods do exist to improve data quality. 73, 74 An aspect of fetal brain development and DTI is picking the appropriate b value. The typical diffusion weight image will have a signal scaled from the nondiffusion weighted image by a factor of e jbD where D is the diffusion coefficient in the tissue of interest, and b is the b value determined by the imaging parameters on the scanner. Typical b values for adult brain are on the order of b = 700 to 1000 s/mm 2 . 75 What is important to note is that the average diffusion coefficient D in the developing fetus is much higher 76Y78 than that of the adult brain, and thus if a b value that is typically used for adult imaging is specified for fetal brain, the diffusion-weighted image (DWI) will suffer in relative signal as compared with the adult brain DWI. Assuming a monoexponential decrease in signal intensity with increasing b value (for low b values) and D Fetus ; 1. 80 we can estimate the appropriate b value to use in fetus with the emphasis to achieve the same relative signal depression. This is illustrated in Figure 14 and shows that a b value more on the order of b = 400 to 500 s/mm 2 is appropriate. The lower b value then of course can result in a shorter echo time, allowing for an even more rapid image acquisition, although this is independent of the main field strength.
ACCELERATION METHODS AND MULTITRANSMIT
Improvements in image acquisition in both the design of pulse sequences and hardware higher quality imaging can take place. A well-known issue with imaging the abdominal region is RF penetration. 81 A means to mitigate this is to have multiple transmit coils that can result in more homogeneous. 82 Recently, the University of Michigan and the University of Vienna have acquired Philips Ingenia 3.0T (Philips Achieva, Philips Medical Systems, Best, The Netherlands) systems with multitransmit (parallel transmit) capability. With multitransmit, a flatter effective B 1 field can be generated. This is even more important in the situation of pregnancy as the amniotic fluid is conductive and can further affect the RF field penetration. In Figure 15 , data are shown from the University of Michigan for a healthy adult in comparison between an Achieva 3.0T system and the newer hardware present in the Ingenia 3.0T system. Clearly, there is visual evidence of a more homogeneous field of view.
A rough estimate was also made on the improvement in SNR in various regions of the abdomen. In general, in the images in Figure 16 , an SNR gain was observed in a range of 40% to 60%, with the exception of the kidney only having a marginal improvement of approximately 9%. For image acquisition speed up, parallel imaging is available. In addition to multitransmit, multireceive coil systems are quite routine in clinical settings with 8 to 16 receive coils. It is envisioned though that a time when possibly 64-and 128-channel receive systems may 1 day be used in fetal imaging. 83 In addition to parallel imaging methods, such as SENSE, faster imaging sequences have been developed. For neuroscience applications, Feinberg et al 84 reported in 2010 a method by which to acquire a full gradient-echo echo-planar-image of the adult brain in times as fast as 400 milliseconds. Of course, to be balanced with this technique is ensuring that there is not an appreciable increase in energy deposition for the pregnant woman and fetus.
HIGH-RESOLUTION IMAGING
Fetal brain development research has a long and illustrious publication record. 85Y99 Assessment of microstructures such as synapses is still the realm of the wet laboratory, 99 but MRI does have a role to play in the understanding of cortical development in utero/in vivo). 87, 91 Indeed, with the emergence of advanced offline techniques to achieve high-resolution images of the developing fetal brain, 100Y103 groups around the world have started to develop templates and atlases of the normal fetal brain.
86,100,104Y107 Through empirical MRI studies of the fetal brain using 3.0-T systems can a direct assessment be made to the use of a stronger magnetic field compared with 1.5 T. Initial data from Wayne State University and from the University of Vienna indicate better structure delineation at the higher strength. Examples from Vienna are in Figure 17 . In the unfortunate situation of fetal demise, an MRI gold standard of resolution and contrast can be determined through postmortem MRI. In Figure 18 , we show data of the same fetus at 25 GW (in utero) and 27 GW (postmortem, complications of diaphragmatic hernia and reduced lung volume). Certainly, the fine nuances of postmortem high-resolution imaging are yet to be achieved in utero, but with the combined increased SNR at 3.0 T and the advanced postprocessing techniques, we are confident that improved structural in utero imaging is possible.
CONCLUSIONS
We are just starting to see some of the advantages of doing fetal imaging at 3.0 T. A paramount message of course is the safety of both the mother and fetus and that this safety is not to be compromised by imaging at a higher field. The recent developments in SAR calculations certainly give the direction to follow in patient safety with direct impact on fetal imaging. With the assumption that more exact RF and thermal models can be informative to the formation of guidelines, the horizon of commonplace fetal imaging is not far away. Presently, 3.0-T imaging of the fetus is the realm of university and research facilities. With the advent of more sophisticated pulse sequences that can mitigate fetal motion and offline data processing methods that can also produce high-quality data void of motion, these 3.0-T research facilities will pave the way and demonstrate the true use of fetal imaging at the higher field strength.
